Abstract This study presents data on the extraction and characterization of proteins associated with mercury in the muscle and liver tissues of jaraqui (Semaprochilodus spp.) from the Madeira River in the Brazilian Amazon. Protein fractionation was carried out by two-dimensional electrophoresis (2D-PAGE). Mercury determination in tissues, pellets, and protein spots was performed by graphite furnace atomic absorption spectrometry (GFAAS). Proteins in the spots that showed mercury were characterized by electrospray ionization tandem mass spectrometry (ESI-MS/MS). The highest mercury concentrations were found in liver tissues and pellets (426 ± 6 and 277 ± 4 μg kg −1 ), followed by muscle tissues and pellets (132 ± 4 and 86 ± 1 μg kg −1 , respectively). Mercury quantification in the protein spots allowed us to propose stoichiometric ratios in the range of 1-4 mercury atoms per molecule of protein in the protein spots. The proteins characterized in the analysis by ESI-MS/MS were keratin, type II cytoskeletal 8, parvalbumin beta, parvalbumin-2, ubiquitin-40S ribosomal S27a, 39S ribosomal protein L36 mitochondrial, hemoglobin subunit beta, and hemoglobin subunit beta-A/B. The results suggest that proteins such as ubiquitin-40S ribosomal protein S27a, which have specific domains, possibly zinc finger, can be used as biomarkers of mercury, whereas mercury and zinc present characteristics of soft acids.
Introduction
Amazonian Rivers suffered a major invasion of gold miners in the past decades and, as a result, large amount of mercury was poured into riverbeds and lakes, increasing its concentration [1] . The aquatic environment and its biotic population already receive a load of this toxic metal naturally through geochemical processes such as wearing of rocks and through human activities such as metal production, industrial activities, the burning of fossil fuels, agriculture and extraction activities, and smelting of ores in gold mining operations [1] [2] [3] .
However, over the past 5 years, with the implementation of hydroelectric plants in the Amazon Rivers, mercurial species hitherto inert in the sediments have been made available to the water column [4] [5] [6] [7] . The damming of the river, necessary for the construction of hydroelectric power plants, can promote the transformation of available mercury in inorganic form into organic forms such as methylmercury, which is a highly toxic species that bioaccumulates in living organisms [3, 6, 8, 9] .
Mercury can accumulate in tissues and organs of aquatic organisms at concentrations higher than those found in water [10, 11] . In humans, it is able to pass through biological membranes of the mother to the fetus, causing anatomical abnormalities and severe damage to the central nervous system [2, 8, 12, 13] . High concentrations of mercury in rodents and humans can cause hepatotoxicity, nephrotoxicity, and neurological damage [8, 14] . Experiments with rodents exposed to organic or inorganic forms of mercury have shown permanent damage to the central nervous system, kidneys, lungs, and immune system, as well as mutagenic, carcinogenic, and teratogenic effects [8] .
A large portion of the Amazon population, beleaguered in cities like Manaus, Belém, Porto Velho, and communities scattered along the banks of rivers, live mainly on fishing activities [15] [16] [17] , increasing the concern about mercury contamination, which can cause irreversible damage to people who consume fish as their primary source of animal protein [9, 15] . The negative impact of mercury on human health has motivated its monitoring in many parts of the world, including studies to evaluate its concentration in the muscle, liver, and kidneys of fish, considering the increase in fish consumption by much of the population in recent decades [14] .
Among the fish species most consumed by the Brazilian Amazon population, the following stand out: dourada (Brachyplatystoma rousseauxii), tucunaré (Cichla spp.), filhote (Brachyplathystoma filamentosum), jatuarana (Brycon spp.), curimatã (Vimboides Prochilodos), pacu (Mylossoma spp. Myleus), and jaraqui (Semaprochilodus spp.), among others. The jaraqui (Semaprochilodus spp.) is a medium-sized fish that reaches a maximum size of 24-30 cm and is much appreciated and consumed by the Brazilian Amazon population. The jaraqui has a benthopelagic habit and features great mobile lips with several rows of sickle teeth, which allow it to Bscrape^organic matter from various surfaces. So much of their diet is detritivores, as they feed on microorganisms associated with sediment and algae, which can favor the absorption of mercurial species in the sediment. In the Amazon region, at popular prices, the species is easily found in all fairs, markets, and restaurants [5, 7, 15] .
Based on the above, the objective of this study was to study the muscle and liver samples of jaraqui (Semaprochilodus spp.) collected in the area of influence of the Jirau hydroelectric plant on the Madeira River using a metalloproteomic strategy to identify possible biomarker proteins of mercury exposure.
Material and Methods

Sample Collection and Analysis
A total of seven individuals from this species with a median length of 40 ± 8 cm and an average weight of 700 ± 15 g were collected in 2015 (considering the regional seasonality of full, flood, ebb, and dry) from the Jirau hydroelectric power plant in the Madeira River basin located in the state of Rondônia/ Brazil (lat S 9°15′ 17.96″ and long W 64°38′ 40.13″). After the fish were caught, they were anesthetized with a benzocaine solution (100 mg L ) and euthanized to collect samples of muscle and liver tissue. Tissue samples (muscle and liver) were fragmented with a scalpel into pieces of approximately 1 cm, placed in 25 mL polypropylene flasks, and stored in a freezer at − 80°C until analysis. Pools of each tissue were homogenized using liquid nitrogen, weighed to approximately 2 g, and macerated with 2 mL of ultrapure water. The protein extracts were separated from the solid fraction by centrifugation at 13,000g at 4°C in two sessions of 20 min each. The supernatants obtained (protein extracts) were transferred to 2 mL tubes and subjected to fractional precipitation to obtain protein pellets of higher and lower molecular weight.
The pellets were obtained by fractional precipitation using two steps [5, 7, 17, 18] . In the first precipitation step, ethanolchloroform solution aliquots (1:1 v/v) were added to the protein extract in microtubes at a ratio of 1:1 (v/v) and kept in the freezer for 15 min, followed by centrifugation at 10,000 rpm at 4°C for 15 min. The precipitates obtained in this step (pelleted protein of molecular mass > 90 kDa) were used for determination of total mercury content, and the supernatants were used for obtaining the pelleted protein of lower molecular mass (< 90 kDa). In the second precipitation step, aliquots of 400 uL of ethanol/ hydrochloric acid solution (2.5:1 v/v) were added to 1 mL of the supernatant obtained in the first precipitation step and the rest kept in the freezer at − 20°C for 120 min. Then, the solid fraction (pelleted protein) was separated from the liquid fraction by centrifugation at 10,000 rpm and 4°C for 15 min. The supernatant was discarded and the protein pellets obtained (molecular weight < 90 kDa) were washed with cold ethanol (− 20°C) to remove acid residues. This procedure was performed in triplicate (n = 3) for quantification of total protein, 2D-PAGE electrophoretic runs, and determination of total mercury in the muscle and liver tissues, pellets, and protein spots by GFAAS after acid mineralization of the samples [5, 7, 17, 18] .
Protein Fractionation by 2D-PAGE
Protein fractionation by two-dimensional electrophoresis (2D-PAGE) was carried out on the pellets containing lower molecular weight (< 90 kDa) proteins for both tissue pools (muscle and liver). A total of 18 gels were made, in this case, 9 gels for each tissue pool. The protein pellets were solubilized in a solution containing 7 mol L −1 urea, 2 mol L −1 thiourea, 2% (m/v) CHAPS, 10-0.5% (v/v) ampholytes at pH 3-10, and 0.002% bromophenol blue. In addition, 50 mol L −1 DTT were added to this solution, and this mixture was used for 2D-PAGE separations. The electrophoretic runs were carried out using 13-cm strips containing pre-made gel with immobilized ampholytes in the pH range from 3 to 10. Each strip was hydrated with a solution containing 1.5 mg mL −1 of protein for a period of 12 h. The proteins in the hydrated strips were then fractionated in the first dimension using the Ettan IPGphor 3 Isoelectric Focusing (IEF) system, which separates the proteins according to their pI (isoelectric point). After fractionation of the proteins by IEF, the strips were equilibrated in two steps, using two solutions. In the first step, 10 mL of
bromophenol blue, and 2% (w/v) DTT was used in order to maintain proteins in their reduced forms. In the second stage, we used a solution of similar composition, replacing the DTT by iodoacetamide at 2.5% (w/v) to promote alkylation of the thiol groups of the proteins and thus prevent possible re-oxidation. The two phases were maintained under stirring for a period of 15 min each. Then, the strips were placed on 15% (w/v) polyacrylamide gels, with 14-97 kDa molecular mass standards added alongside each gel, which were then placed in the electrophoresis system. After the systems were sealed with 0.50% (w/v) agarose solution, the 2D-PAGE runs were started. After the run, which lasted 270 min, the proteins were revealed using a colloidal Coomassie stain reagent composed of ammonium sulfate 8% (w/v), phosphoric acid 1.6 (v/v), and Coomassie blue G-250 0.08% (w/v). Before staining, the proteins were fixed for 60 min using a solution containing acetic acid 10% (v/v) and ethanol 40% (v/v). The dye was allowed to remain in contact with the gel for 72 h, after which it was removed through successive washes with ultrapure water, digitized, and analyzed using the ImageMaster software Platinum version 7.0 to obtain the number of spots, percentage correlation between the gels, pI, and molecular mass of the spots [5, 7, 16, 18] . Three runs per tissue were performed in duplicate to quantify the Hg and one run in triplicate for characterization of pelleted proteins with molecular mass < 90 kDa [7, 17] .
Mercury Determinations
Mercury determinations were performed on samples of muscle and liver tissue of jaraqui in the protein pellets and protein spots by atomic absorption spectrometry graphite furnace (GFAAS) after acid mineralization of samples according to the procedure optimized by Moraes et al. [6] . The validation of the analytical method used was carried out using certified standard Fish Protein DORM-4-NRC containing 410 ± 55 μg kg −1 of total mercury, and the concentration obtained by GFAAS was 403 ± 12 μg kg −1
.
Characterization of Protein Spots by ESI-MS/MS
The proteins in the protein spots that showed mercury in mercury determinations by GFAAS were characterized by electrospray ionization tandem mass spectrometry (ESI-MS/MS) after tryptic digest according to the procedure described in the Technical Bulletin of Walters [7, 17] . In brief, the steps are dye removal, reduction and alkylation, tryptic digestion, and elution of peptides. The reverse column (nanoAcquity UPLCR -nanoAcquity HSS T3) was equilibrated with mobile phase A (0.1% formic acid in water). Peptides were separated with a linear gradient of 7-85% mobile phase B (0.1% formic acid in ACN). Positive mode was used in XevoR G2 Q-TOF mass, and data were collected at elevated energy (19-45 V) . Data acquisition was obtained over 20 min, and the scan range was 50-2000 Da. ProteinLynx Global Server (PLGS) version 3.0 was used to process and search the continuum LC-MSE data, setting carbamidomethylation of cysteines as fixed modification and oxidation of methionines as variable modification, allowing one missing cleavage and maximal error tolerance of 10 ppm. The proteins were identified by the embedded ion accounting algorithm of the software and by searching the Otophysi database.
Results and Discussion
Protein Fractionation by 2D-PAGE
The total protein concentrations in pellets were 17.80 ± 0.45 and 11.70 ± 0.25 g L −1 for liver and muscle tissue, respectively. Using these concentrations, a mass of 375 μg protein was applied to each strip, following the guidelines of the IEF equipment protocol for better separation of proteins in strips at pH 3-10 [5, 7] . After the protein spots were visualized in the gels, as previously described, images were aligned using the software ImageMaster Platinum, version 7.0, showing similarity between the four runs of 82 ± 3 and 75 ± 2% for liver and muscle tissue, respectively. This indicates a good repeatability and reproducibility for the replicate gels. The protein spots that presented mercury (Fig. 1a, b) were characterized by ESI-MS/MS.
Determination of Total Mercury
The total mercury was determined directly into liver and muscle tissues as well as in the protein pellets with molecular mass > 90 and < 90 kDa. The certified standard DORM-4-NRC was used to validate the method of determination of mercury [6] . , respectively [6, 19] . The results are shown in Table 1 .
As shown in Table 1 , mercury was not detected in the pelleted proteins of molecular weight > 90 kDa, whereas the pelleted proteins of molecular weight < 90 kDa showed 426 ± 6 and 132 ± 4 μg kg −1 of mercury for liver and muscle tissue, respectively. This can occur because mercury preferentially binds low-molecular-weight proteins that may contain active sites with sulfur atoms, such as metallothioneins [3, 20, 21] . When the amount of mercury found in liver and muscle tissues was compared with that in their respective pellets, there was a loss during the extraction process of approximately 35% JL jaraqui liver, JM jaraqui muscle, pI isoeletric point in liver pellets and 37% in muscle pellets; this can be explained by the binding of mercury to lipids and/or other macromolecules, which are discarded during the extraction process or lost in the sample handling process [17, 22] . Mercury was also quantified in the protein spots obtained by 2D-PAGE. Table 2 shows the molecular masses (Mm) and isoelectric points (pI) of the protein spots, the protein mass in these spots calculated using the ImageMaster software platinum version 7.0, mercury concentrations determined in each spot, and the number of protein molecules and of mercury atoms in the protein spots. As shown in Table 2 [7, 17] , who proposed a stoichiometric ratio considering mercury concentration and protein mass in protein spots of dourada and tucunaré of the Amazon region [17, 22] . The protein spots that showed mercury ( Fig. 1) were characterized by ESI-MS/MS. Analysis by ESI-MS/MS allowed the characterization of five proteins in the protein spots of muscle and liver tissue of jaraqui (Tables 3 and 4) .
Hemoglobin Subunit Beta
The hemoglobin subunit beta is a protein involved in transporting oxygen from the gills to the various peripheral tissues of fish [23] . This protein was characterized by mass spectrometry ESI-MS/MS in protein spots JM1 and JM3 muscle tissue of jaraqui, and these same spots showed mercury (25.80 and 28.30 mg g −1 , respectively) in the analysis by graphite furnace atomic absorption spectrometry. Hemoglobin has been considered as a protein associated with metals, and the cysteine residue found in a β-chain could possibly be the primary site for mercury binding. This suggests that Hb may act as a protein that binds to mercury in fish, being a potential carrier of this element of the blood to the liver, kidneys, muscles, and other organs of the body [23] . A study by Park and Lee [24] showed hemoglobin levels in relation to the concentration of toxic metals in the body and their interactions with other tissues, corroborating our results [24, 25] . Analysis of liver tissue from dolphins (Lagenorhynchus acutus) also revealed hemoglobin as a protein that binds to mercury [23, 24] . When the stoichiometric ratio was estimated, considering the number of Hg atoms per protein molecule 
Parvalbumin
The parvalbumin and its isoforms (parvalbumin-2 alpha and beta) is a metalloproteinase that binds calcium and magnesium ions and can be found in the brain, kidney, muscle, and liver, exerting functions in signal transduction, muscle contraction, and relaxation [26, 27] . Previous studies by our group in the Madeira River with the fish species Cichla spp. and B. rousseauxii found that protein was bound to Hg at a stoichiometric ratio of approximately 1 atom of mercury per molecule of protein, both in the liver and in the muscle [7, 17] . In jaraqui (Semaprochilodus spp.), parvalbumin isoforms were found in the JL1 and JL2 spots from liver tissue at a stoichiometric ratio of 2 atoms Hg per protein molecule and in JM5 and JM6-7 spots from muscle tissue at a stoichiometric ratio of 4 atoms Hg per protein molecule. We noted that the concentration of Hg in Semaprochilodus spp. occupying a lower trophic level increased in relation to that in Cichla spp. and B. rousseauxii chain tops, suggesting an increase in Hg exposure in the food chain when the two collections were compared. However, parvalbumin may prove to be a potential biomarker of this toxic element in aquatic species.
Ubiquitin-40S Ribosomal Protein S27a
Ubiquitin may be found free or covalently bound to other proteins in the cell cytoplasm [28] . When covalently linked, is conjugated to target proteins through an isopeptide bond and, depending on the lysine residue to which it is bound, the complex has different functions such as DNA repair, degradation of endoplasmic reticulum, cell cycle regulation, lysosomal degradation, protein degradation by the proteasome, endocytotic responses, DNA damage, and processes that lead to the activation of the transcription factor NF-κB [29] . Furthermore, it is a metalloprotein that has zinc-binding [17] . In that study, the stoichiometric ratio was approximately 2 Hg atoms per protein molecule [17] . The history of this protein's binding to Hg in liver tissue environments of fish species containing Hg may make it a potential biomarker of this element in fish.
39S Ribosomal Protein L36 Mitochondrial
The 39S ribosomal protein L36 mediates mitochondrial protein synthesis of other proteins within the mitochondria and has been found bound to Hg in liver tissue of the Amazon fish B. rousseauxii in previous studies [7] . In B. rousseauxii, the stoichiometric ratio indicated approximately 2 Hg atoms per molecule of protein, whereas in Semaprochilodus spp., the ratio was no more than 1 to 1. This can be explained by the jaraqui occupying a lower trophic level than B. rousseauxii and thus providing lower amounts of Hg bioaccumulated in the body, since the bioaccumulative process follows the trophic levels [6] . Although the 39S ribosomal protein L36 mitochondrial is present in its terminal chain nitrogen atoms, its binding to mercury/nitrogen is considered weak; however, its occurrence may lead to irreversible conformational damage to the protein [30, 31] . The ratio of Hg to 39S ribosomal protein L36 mitochondrial found in two species of fish of the Madeira River could lead this protein to become a reliable biomarker of exposure of this toxic element in aquatic animals.
Conclusion
The technique of protein separation using 2D-PAGE was successful, with gels with clear and intense spots, which facilitated the analysis of Hg by graphite furnace atomic absorption spectrometry and the characterization of proteins by ESI-MS/MS. The study characterized three proteins in muscle tissue (hemoglobin subunit beta, hemoglobin subunit beta-A/ B, and parvalbumin beta) and five proteins in hepatic tissue (parvalbumin beta parvalbumin-2, ubiquitin-40S ribosomal protein S27a, keratin, type II cytoskeletal 8, 39S ribosomal protein L36, mitochondrial). These proteins represent potential candidates for mercury exposure biomarkers in fish, because all of them (except hemoglobin subunit beta, which was characterized for the first time in Semaprochilodus spp. Madeira River) were also found in other species of Madeira River fish linked to Hg.
